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Tt has long been recognized that there are direct relations between 
the specific gravity, or density, of a wood and its strength properties.+ 
By the analysis of over 200,000 tests, the Forest Products Laboratory, 
conducted in cooperation with the University of Wisconsin, Madison, 
Wis., has now definitely established these relations. It is the pur- 
pose of this bulletin to state these relations and to put the expression 
of them in such form as to render them easily useful (1) for estimating 
the properties of any particular timber; (2) for selecting timber for 
any given purpose; (3) for comparing the various species; and (4) for 
determining in what way the species are exceptional and to what uses 
they are best adapted. 

It has usually been assumed that the strength of wood varies 
directly with the first power of its density; i.e., that the respective 
strengths of two sticks would differ in the same proportion as the 
densities. It was recognized that fiber stress at elastic limit in com- 
pression perpendicular to the grain, or bearing strength on side 

1 Accurate determinations madeat the Forest Products Laboratory on seven occ of wood, including 
both hardwood and coniferous species, showed a range of only about 43 per cent in the density of the wood 
substance, or material of which the cell walls are composed. Since the density of wood substance is so 


nearly constant, it may be said that the density or specifie gravity ofa given piece of wood is a measure 
of the amount of wood substance contained in it. 
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surface, and work values in statie bending or toughness, deviate very 
erratically from this relation; but the relation was supposed to hold 
especially true in the case of such properties as modulus of rupture, 
or maximum bending strength, and strength in compression parallel 
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to the grain, or strength as a column. It has also been supposed that 
the relation applied between picces of the same species, between pieces 
of different species, and betweenfaverage results of strength tests on 
different species. A study of the data at present available, which are 
derived from a much larger number of tests and which cover a greater 
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range in specific gravity and strength values than was true of the data 
imoleile heretofore, made it See: that these assumptions were 
inaccurate and that there was a better and more correct method 
expressing the actual relations between specific gravity and strength, 
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In order that the relation between specific gravity and each of the 
various mechanical properties of wood may be easily put to practical 
use, the relation, both for green and for air-dry material, is given in 
the form of an equation (Table 1) and, in addition, in the form of a 
curve (figs. 1 to 4). 
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SPECIES-LOCALITY AVERAGES. 


The specific-gravity relations given in this bulletin are derived from 
a study of what may be called ‘‘species-locality”’ averages; that is, 
each average represents tests of material of one species from one 
locality. 

There are two principal reasons for using ‘‘species-locality”’ aver- 
ages in preference to the results of individual tests. First, the number 
of individual tests is quite large, amounting in some instances to as 
many as 900 from a single ‘‘species-locality’’, so that an immense 
amount of work is saved by the use of the ‘‘species-locality”’ averages; 
second, if individual tests were used, the ‘‘species-localities’’ having 
larger trees or a larger number of trees would include a larger number 
of tests and would have undue weight in determining the relations. 

The method of analysis used is applicable also to individual tests 
from a single species to determine the specific gravity relations within 
that species. It has been applied to a few of the properties of some 
of the more important species which are used for structural timbers 
where there was a rather large number of test pieces and a con- 
siderable range in specific gravity. 


DETERMINATION OF SPECIFIC GRAVITY. 


Specific gravity of wood, as used herein, is based on the volume of 
the specimens when tested (green or air-dry) and their weight when 
in an oven-dry condition; that is, it is the ratio of the weight of the 
specimen of wood, oven-dry, to the weight of a volume of water equal 
to the volume of the specimen at the time of test. Because of the 
shrinkage which takes place in wood when it is dried, this figure is 
not the true specific gravity of a piece of oven-dry wood. The 
method, however, is easily applied to each specimen tested, and is 
the standard method of the Forest Service for the determination of 
a specific-gravity figure for use in studying the properties of wood. 


MOISTURE CONTENT OF TEST SPECIMENS. 


Both green and air-dry specimens were used in the tests, and the 
relations between specific gravity and strength were determined 
separately for green and air-dry wood. Variations in the moisture 
content of wood have no effect on its mechanical properties so long 
as the wood is thoroughly green; they have considerable influence on 
these properties, however, as soon as the wood becomes air-dry, or 
partially air-dry. Accurate comparisons can not be made between 
the properties of two lots of air-dry specimens unless they were tested 
at the same moisture content or adjustments made in the strength 
figures for difference In moisture content. 
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The moisture content of the air-dry material at the time of test 
varied from 8 to 18 per cent. Modulus of rupture and maxinum 
strength in compression parallel to the grain were adjusted to a 
moisture content of 12 per cent before determinations of the relation 
of these properties to the specific gravity wasmade. This adjustment 
was possible because the laws governing the variation of these prop- 
erties with varying moisture content are fairly well established. 
However, in the case of the other strength functions their variation 
with varying moisture content has not been studied in detail and no 
such adjustment is possible with any very great degree of accuracy. 
Consequently, the actual moisture content values as obtained from 
tests have been used in the determination of the relation of these prop- 
erties to specific gravity. 


THE EQUATIONS. 


Table 1 and figures 1 to 4 give equations which represent the 
average relations between specific gravity and each of the mechanical 
properties. All the ‘‘species-locality”’ averages available on any 
particular property were considered in deriving the equations for 
that property. The number of ‘‘species-locality’’ averages from 
which an equation is derived varies from 84 to 178. This variation 
is due to the fact that several of the tests were not used in some of 
the earlier testing work and to the fact that tests have not yet been 
completed on air-dry material for all of the ‘‘species-localities’’ listed. 

Table 1 gives first the equations for shrinkage and for each of the 
strength properties of green and air-dry wood in terms of the specific 
gravity. These equations, as explained in the appendix, are reduced 
to a simple form; and the powers of gravity used are such that. the 
equations may be solved by arithmetical operations and without the 
use of higher mathematics. However, to simplify even further the 
use of the equations, figures 1 to 4 have been prepared for their solu- 
tion. Kach of the curves shown in these diagrams represents the 
equation connecting specific gravity and one of the properties of 
wood. The curves representing the equations for radial, tangential, 
and volumetric shrinkage appear in figure 1(a). In each of the other 
figures, i(b) to 4(d), appear two curves for some one mechanical 
property. One of these curves is for green and the other for air-dry 
material. If the specific gravity is known, the equation value for 
any one or all of the properties of the wood in question may be readily 
determined from the curves without computation. 

The second portion of Table 1 gives what may be termed a measure 
of the accuracy of the respective equations. It is not to be expected 
that all the ‘“‘species-locality”’ averages will satisfy the equation 
exactly or even very closely. Some of the properties are more 
erratic than others, so that one ‘‘species-locality’’ may far exceed 
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the equation values and another “species-locality” fall far below 
them. 

In figure 5 are plotted the curves of the equation for modulus of 
rupture in static bending in green material, M=18500 4/g°, and of 
the equation for the same property in air-dry material, M=26200 4/¢°. 
In order to give a graphical idea as to the reliability of these 
equations, the specific gravity and the modulus of rupture of each 
“‘species-locality”’ have been plotted asa point. The reference num- 
ber placed near each plotted point is assigned to the ‘‘species-locality”’ 
in the order of its respective specfic gravity as determined from 
compression parallel to grain specimens of green wood. In figures 
6, 7, and 8 the data are given for the curves on shrinkage in volume 
from green to oven- dry condition, maximum crushing strength in 
compression parallel to grain, and fiber strength at elastic limit in 
compression perpendicular to grain. 

Under each property is listed in this second portion of Table 1, for 
both green and air-dry conditions, those percentages of the equation 
value above which were one-tenth of the ‘‘species-localities.”’ Simi- 
larly, there are listed those percentages above which were one-fourth 
of the ‘‘species-localities,’’ those below which were one-fourth, and 
those below which were one-tenth. For instance, in static bending 
(green), one-tenth of the “‘species-localities”’ tested had a modulus of 
rupture of more than 114 per cent of what the specific gravity equation 
indicated they should have had; one-fourth of them had a modulus of 
rupture greater than 108 per cent of the equation value; one-fourth 
of them less than 91 per cent of the equation value; and the lowest 
one-tenth had a modulus of rupture less than 84 per cent of what-the 
equation indicated they should have had. It follows from these 
figures that one-half of the ‘“species-localities” had a modulus of 
rupture of between 91 per cent and 108 per cent of the value given by 
the equation, and that the other one-half were evenly divided between 
those that were more than 108 per cent and those that were less than 
91 per cent. 

The third portion of Table 1 gives the actual value of each property 
for each ‘‘species-locality”’ as determined by the tests, expressed as a 
percentage of the value computed from the specific gravity by the 
use of the equation at the head of the column. For instance, it is 
found from the table that air-dry Biltmore ash has a models of 
rupture 98 per cent as great as that of the average wood of its specific . 
eravity, the modulus of rupture of the average wood of this specific 
gravity being the figure given by the equation. These percents are 
given for for green and air-dry wood. 
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"LIST OF SPECIES AND REFERENCE NUMBERS FOR FIGURES 5 TO 9. 
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106 || Locust: 
128 || tt 
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Fic. 6.—Relation of shrinkage from green to oven dry conditions to specific gravity. 
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Fia. 7.—Maximum crushing strength in compression parallel to grain to specific gravity. 
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APPLICATION OF THE EQUATIONS. 


Additional data may possibly necessitate the making of some slight 
changes in the equations given in Table 1 and the diagrams. How- 
ever, for comparing species and for determining the best utilization 
of timber, the value of the equations as they are now is not affected 
by this possibility. It is to be expected that among a large number 
of species of widely different structure many will be found which do 
not satisfy very accurately the average equations connecting the 
various properties with specific gravity. It is often this variation 
from an average relation which determines the usefulness of a species 
for a special purpose. 

As an example of the use to which the table and diagrams may be 
put, suppose it is desired to obtain the strength in compression par- 
allel to the grain of a piece of green hemlock (eastern) grown in the 
southern Appalachian region. Its specific gravity may be deter- 
mined by any one of several means which may readily be devised, 
and we will say that it is found to be 0.38. In the table, the ‘‘species- 
locality’’ which is probably most nearly representative of the region 
in question is the eastern hemlock from Tennessee, and of this the 
maximum crushing strength is 29 per cent above the average for 
woods of the same specific gravity. To find what an average wood 
of a specific gravity of 0.38 will stand m compression parallel to the 
grain, we solve the equation C=6,900 x 0.38, or turn to figure 1 and 
read from the curve a maximum crushing strength of about 2,600 
pounds per square inch. But since the compressive strength of the 
Tennessee hemlock was 29 per cent high, it is reasonable to expect 
that the timber in question will also run about 29 per cent high, or 
that the value would be about 3,300 or 3,400 pounds per square inch 
(2,600 x 1.29=3,354). Any of the other properties of the hemlock 
under consideration may be estimated in a similar manner. 

Again, suppose it is desired to obtain a wood for a use whicn 
requires that it be very strong for its weight in its ability to resist 
a splitting force. Tension perpendicular to grain is the best measure 
of this. By looking down the column, ‘‘Tension, surface of failure 
radial,” it is found that in ability to resist such a force, yellow buck- 
eye is 17 per cent stronger when green and 120 per cent stronger 
when air-dry than is the average wood of the same specific gravity. 
It would appear at first that yellow buckeye is the most desirable 
wood for the purpose, but there is another consideration to be taken 
into account. Tension perpendicular to the grain varies with the 
square of the specific gravity; and it must be remembered that those 
properties (such as tension perpendicular to grain, hardness, work 
values, and compression perpendicular to the grain) which vary with 
the higher powers of specific gravity show a large increase in strength 
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with a comparatively small increase in specific gravity. For instance, 
a wood with twice the specific gravity of another would be expected 
to have four times as much strength in tension. Yellow buckeye is 
a very light wood and woods of more than double its specific gravity 
may easily be found. Such woods, even though they may run some- 
what less in tension strength than the average wood of their weight, 
may have a tension strength considerably in excess of that of yellow 
buckeye. Thus, the red oaks, having a specific gravity of about 
wice that of yellow buckeye, are several times as strong in tension 
perpendicular to the grain, although they are very little above the 
average wood of their weight in this respect. 

tt may be seen from these examples that in comparing different 
timbers or species, in estimating their various properties, and in find- 
ing species with exceptional strength in some properties which may 
render them valuable for special uses, a knowledge of the specific- 
gravity strength relations is a valuable aid. It must be borne in 
mind, however, that such equations can never take the place of 
tests of species whose properties are unknown. If any particular 
mechanical property is known, the specific gravity may be approxi- 
mated and the other properties estimated; even the properties of 
woods upon which no test data are available can be estimated with 
a fair degree of accuracy from the results of specific gravity determi- 
nations. Nevertheless, it is apparent from a study of the table and 
diagrams that no one kind of test can replace a complete series of 
tests. 


APPENDIX. 


METHOD OF DERIVING EQUATIONS. 


In plotting the various points to a natural scale (i. e., the shrinkage or a given 
mechanical property vs. specific gravity) it was found that in many cases they arranged 
themselves in the form of a curve, or if their trend was along a straight line, this line 
would not pass through the origin. Assuming that the function should pass through 
the origin, i. e., that a piece of wood of zero weight or specific gravity should have 
zero strength, it was found that in practically every case a curve of the form f=pG” 
(where f is the strength value, G the specific gravity, and p and vn are constants) 
would fit the points quite well. This equation is the general equation of the parabola 
of the nth degree passing through the origin. 

In order to simplify the determination of the proper values for the constants p and n 
the equation was transformed into the logarithmic form, log f=log p+n log G. This 
equation represents a straight line having its slope equal to n and its intercept on the 
y axis equal to log p. Consequently, to find the constants p and n it is only necessary 
to plot log f against log G on ordinary cross-section paper and find the straight line 
which best averages the points; then nm and log p are determined from the slope and 
intercept of this line. 

To find the straight line which best averages the points in the logarithmic plot the 
following plan was adopted: 

By successive trials the parallel lines BB and CC (see fig. 9) were so located that 25 
per cent of the points were above BB and 25 per cent were below CC and at the same 
time the vertical distance between the two was a minimum. ‘Two lines (not shown 


on the figure) were then drawn as follows: Both parallel to BB and CC, one bisecting 


the distance between them and the other in such a position that 50 per cent of the 
points were on each side of it. AA was then drawn midway between these two lines 


and assumed to be the line which best averages the points and best represents the 
relation between specific gravity and the strength property in question. This method, 


as can readily be seen, is very likely to produce values of m such that the resulting 
equations can not be handled without the use of logarithms. As the slope of the 
lines could in most cases be varied through a considerable angle without appreciably 
affecting the distance between the lines BB and CC, the slope was so taken that 
n would be a fraction with the denominator 1, 2,3, or4. The solution of the equation 
is then possible by using the rules for the extraction of square and cube roots. When- 
ever it happened that more than one direction of the lines BB and CC fulfilled the 
conditions outlined above, preference was given to that slope which would simplify 
the form of the equation. The constant p was changed at the same time, so that the 


_ new line A‘A! passed as nearly through the center of gravity of the points as possible. 


The analytical process known as the ‘‘method of least squares’’ can be applied to 
determining the mathematical relations between two properties of a substance as 
ascertained from experimental results. This method was used in one or two instances 
to determine the specific gravity strength relations; but it was found that the long 
and refined computations essential to the application of this method to so large a 
number of tests was not justified by the added accuracy of the final determinations. 
Especially is this true since it is desirable to obtain n to the nearest 0.125 only, and 
since undue refinement in the value of the constant p is unnecessary in view of the 
fact that there is a considerable variation of actual results from the values given by 


any equation which may be derived. 
11 


TasLE 1.—Kquations and variations—S pecific gravity, shrinkage, and strength relations based on tests of small clear pieces, green and air-dry. 
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I.—EQUATIONS FOR SHRINKAGE AND FOR EACH OF THE STRENGTH PROPERTIES OF GREEN AND AIR-DRY WOOD IN TERMS OF SPECIFIC 
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